importance. In this study, an OTU belonging to Acetothermia was detected at high 23 abundance in two full-scale anaerobic digesters. The first closed genome from this phylum 24 was obtained by differential coverage binning of metagenomes and scaffolding with 25 nanopore data. Genome annotation and metabolic reconstruction suggested an anaerobic 26 chemoheterotrophic lifestyle in which the bacterium obtain energy and carbon via 27 fermentation of peptides, amino acids, and simple sugars to acetate, formate, and hydrogen. 28
The morphology was unusual and composed of a central rod-shaped cell with bipolar 29 prosthecae as revealed by fluorescence in situ hybridization combined with confocal laser 30 scanning microscopy, Raman microspectroscopy and atomic force microscopy. We 31 hypothesize that these prosthecae allow for increased nutrient uptake by greatly expanding 32 the cell surface area, providing a competitive advantage under nutrient-limited conditions. 33
Main body:
34 Life, as we know it, would not be possible without microbes. They catalyse key reactions 35 in all of the major biogeochemical nutrient cycles 1 and are being harnessed for their ability 36 to convert waste products into renewable resources 2 . They are also essential for our health, 37 both as beneficial members of our microbiome 3 and as pathogens causing infections 4 . 38
Knowledge of how distinct microorganisms fit into these processes is required to better 39 predict the consequences of environmental changes and improve our health as well as the 40 efficacy of biotechnological processes. 41
Culture-independent surveys of bacterial communities based on amplicon 42 sequencing of 16S rRNA genes or concatenated single-copy phylogenetic marker genes 43 have revolutionised our understanding of microbial community dynamics and diversity 2,5-44 7 . However, such analyses also reveal that many bacterial lineages lack cultivated 45 representatives, and the bacteria affiliated to these candidate lineages are often poorly 46 described 6, 8, 9 . These uncharted branches of the tree of life contain valuable information 47 about the evolution of bacteria, exciting novel metabolic pathways, and hitherto unknown 48 functions in microbial communities 6, [10] [11] [12] [13] . 49
The fast developments in next-generation sequencing and metagenomics enable the 50 characterization of the whole community gene pool and can be used to elucidate the 51 functional potential of individual microbial members. This allows us to better understand 52 the ecological roles and interactions of the ubiquitous uncultivated microorganisms
Materials and methods:
78 Sample collection and storage 79 Between one and ten biomass samples were obtained from each of 31 anaerobic digesters 80 treating primary and surplus sludge at 18 Danish wastewater treatment plants (WWTPs) in 81 the period from 2011 to 2017 (Table S1, S2). A volume of 50 mL digester biomass was 82 sampled, homogenized, and stored as 2 mL aliquots at −80°C before DNA extraction. DNA 83 was extracted using the FastDNA Spin kit for soil (MP Biomedicals, Santa Ana, CA, USA) 84 as optimized for anaerobic digesters by Kirkegaard et al. 18 . 85
Amplicon sequencing of the 16S rRNA gene 86 The V4 variable region of the bacterial and archaeal 16S rRNA gene was amplified with 87 the PCR primers 515F 22 (3'-GTGCCAGCMGCCGCGGTAA) and m806R (3'-88 GGACTACNVGGGTWTCTAAT) and sequenced using the Illumina platform as 89 described by Albertsen et al. 23 . The m806R primer is a modified version of 806R 22 , in 90 which the degeneracy of a single base is increased to ensure a perfect match to all 91 used as templates for library preparation ( Table S3 ). The libraries were paired-end (2 x 108 250 bp) sequenced on the Illumina HiSeq 2500 platform using the HiSeq Rapid PE cluster 109 kit v2 and the HiSeq Rapid SBS kit v2 (500 cycles) in rapid run mode and also paired-end 110 sequenced (2 x 300 bp) on Illumina MiSeq platform using MiSeq reagent v3 (600 cycles). 111
Standard protocols were used for sample preparation and sequencing. The metagenomic 112 assembly and binning process was performed as described by Kirkegaard et al. 18 . 113 (Table S3 ) and a 12-contig draft genome of Acetothermia bacterium sp. 242
Nanopore sequencing
Ran1 ('Ran1' in short) was successfully binned from these using differential coverage 243 binning 14 ( Figure S3 ). Long read Nanopore data was obtained from one of the four samples 244 and used to scaffold the draft genome and create a complete closed genome after manual 245 polishing (Table S4) . 246
The closed genome was 1.32 Mbp and had a GC content of 68.2%. The genome 247 encodes a single split rRNA operon, in which the 16S rRNA gene was located away from 248 the co-localized 23S and 5S rRNA genes. Fewer rRNA gene copies, as well as more split 249 rRNA operons, are common features in host-dependent bacteria, but less frequent in free-250 living cells 43 . Accordingly, Ran1 could be a host-dependent organism, but microscopy 251 revealed that this was not the case for Ran1 (see below). Instead, we hypothesize that the 252 anaerobic digester may provide a stable environmental niche for the bacterium, similar to 253 that provided by a host cell. 254 that Ran1 and the previous Acetothermia draft genomes 12, 21 are distantly related to all 265 currently available genomes, supporting its status as a novel phylum. 266
Phylogenetic analyses of Ran1

Morphology
267
To investigate the morphology of Ran1, we designed two FISH probes that cover the 268 proposed novel genus that contains Acetothermia bacteria associated with anaerobic 269 digesters (Figure 2A) . These probes were then applied to samples from one of the digesters 270 ), providing an increased interface for nutrients uptake [50] [51] [52] . It has been 313 demonstrated that prosthecate bacteria have a competitive advantage under nutrient 314 deficient conditions, and they are often observed under such conditions [51] [52] [53] [54] . Nevertheless, 315 this effect is even more pronounced in diffusion-limited environments, where the rate of 316 nutrient uptake is proportional to the effective linear dimension of a structure, rather than 317 to its surface area 51 . Indeed, the length of the prostheca of Caulobacter inversely correlates 318 with the availability of phosphate, indicating enhanced phosphate uptake capability Table S1) . 322 Furthermore, it was observed that the decrease of Ran1 (from 6~8% to < 1%) in the summer 323 of 2016 followed an increase of phosphorus content (PO4 -P and Total P) as well as 324 concentration of organic compounds (VFAs, CODs) in the liquid phase ( Figure S7 and  325   S8 ). This supports the idea that Ran1 may have a competitive advantage in nutrient-limited 326 engineered systems, especially at levels with relatively low amounts of phosphorus. Ran1 327 may, therefore, be used as a bioindicator for such a condition, but more studies are needed 328 to verify this hypothesis. 329 Therefore, glycogen and trehalose may serve as carbon and energy storage, which can be 367 utilized to mitigate fluctuations in substrate availability 61, 62 . Two extracellular glycosylases 368 were identified, including a cellulase and a glycoside hydrolase. This indicates that Ran1 369 has some limited extracellular saccharolytic activity and can hydrolyze polysaccharides 370 from the feeding sludge into simpler sugars. 371
Genome inferred surface properties
The pyruvate generated from sugars can be converted to acetyl-CoA by the 372 pyruvate:ferredoxin oxidoreductase complex (porABC), generating reduced ferredoxin 373 (Fdred). Acetyl-CoA can then enter the fermentation pathway catalyzed by two acetyl-CoA 374 synthetases (acsA or acdA), resulting in the production of acetate and energy in the form 375 of ATP. 376
The genome encoded an incomplete tricarboxylic acid (TCA) pathway, in which a 377 succinate dehydrogenase (sdhABCD)/fumarate reductase (frdABCD) complex was not 378
annotated. The partial pathway may serve as a source of biosynthetic precursors for 379 anabolic pathways, as in methanogens and some other anaerobic bacteria 63, 64 . 380
Amino acids and peptides, imported by ABC transporters, represent a potential 381 source of carbon, nitrogen, energy, and building blocks of the cell. Indeed, it was found 382 that the genome encoded genes for catabolizing at least 13 of the 22 amino acids ( Figure  383 S10 and S11). Serine, glycine, cysteine, aspartate, glutamate, glutamine, histidine, 384 tyrosine, and tryptophan can be deaminated and converted into either pyruvate, 385 oxaloacetate, or 2-oxoglutarate ( Figure S10) . These intermediates are then further oxidized 386 by the pyruvate:ferredoxin oxidoreductase (por) or 2-ketoglutarate ferredoxin 387 oxidoreductase (kor) to generate acetyl-CoA or succinyl-CoA, which can then be cleavedto yield acetate or succinate and energy in the form of ATP 65, 66 . Glycine and serine can 389 alternatively be degraded to formate through the glycine cleavage system and 390 tetrahydrofolate pathway 42 , concomitant with the generation of ATP and reducing 391 equivalents (in the form of NADH and Fdred). Some key enzymes involved in the 392 catabolism of branched-chain amino acids were absent in the annotated genome (Figure  393 S11). It is therefore only the non-branched-chained amino acids that can be used as energy 394 source. 395
Limited capacity for amino acid synthesis was encoded in the genome (Table S6) , 396 indicating that some of the imported amino acids need to be directly used in anabolic 397 pathways 67 . 398
Ran1 does not have the necessary genes for nitrogen fixation and ammonia import. 399
Amino acids are thus predicted to be a major source of nitrogen, as NH3 is produced from 400 deamination and assimilated via the glutamine/glutamate synthase pathway catalysing Fdred-driving H2 production 19, 69 . It enables the cell to establish a PMF from 408 shown in the profile. Labels at the bottom of the heatmap represent sample type, year, and 702 week of sampling time. Sample type includes: AD for sludge from anaerobic digesters; PS 703 for sludge from the primary clarifier, and BS for surplus biological sludge from secondary 704 clarifier; BS+PS for a mixture of PS and BS before being fed into the digester. 705
Classification levels presented are phylum and genus, which are separated by semicolon. 706
The genera are sorted by the mean abundance across all the analyzed samples. 707 
